In order to control the hydrolyzability and biodegradability of polyurethane, poly(carbonate/ester-urethane)s containing the lactide oligomer were prepared and their hydrolyzabilities were evaluated. Poly(tetramethylene carbonate/lactide-urethane)s (PC/LU), poly(lactide-urethane) and poly(tetramethylene carbonate-urethane) were synthesized by the polymerization of hexamethylene diisocyanate with the oligo(tetramethylene carbonate) diol and oligolactide diol at different feed ratios. The PC/LUs were hydrolyzed in alkaline solution and the PC/LU containing the oligocarbonate tended to show a resistance to hydrolysis. As for the enzymatic degradation, the PC/LU with a higher oligolactide content was more readily degraded by proteinase K in an aqueous solution. On the other hand, the PC/LU with a high oligocarbonate content was readily degraded by the immobilized lipase in anisole.
INTRODUCTION
In recent years, in order to reduce the environmental load by polymeric materials, many research studies in the field of polymer science have been energetically made, such as the design and synthesis of biodegradable and chemically recyclable plastics, the use of renewable resources, and the application of environmentally benign catalysts, such as enzymes. The advantages of using a hydrolysis enzyme for polymer production may be the reversible reaction between polymerization and degradation that enables the chemical recycling and the metal-free polymerization. Polymer chains containing hydrolyzable linkages, such as ester and carbonate linkages, can be cleaved by the action of the hydrolysis enzyme.
Polyurethane is widely used in various fields, such as the manufacture of plastic foams, cushions, rubber goods, synthetic leathers, adhesives, paints, and fibers. Conventional simple and high-molecular weight polyurethanes without hydrolyzable linkages are generally resistant to biodegradation. [1] However, it is known that the urethane oligomer can be hydrolyzed by some microorganisms and that the hydrolysis is catalyzed by an esterase. [2, 3] The biodegradation of polyurethane containing some hydrolyzable groups has been reported. The microbial degradation of poly(ester-urethane) is thought to be mainly due to the hydrolysis of ester bonds by esterases or lipases. [4] [5] [6] One of the authors reported that the molecularly pure and biodegradable diurethane moiety as a hard segment was combined by an enzymatically hydrolyzable carbonate or ester linkages to produce a novel biodegradable poly(carbonate/ester-urethane). The polyurethanes were readily converted into a repolymerizable cyclic oligomer by lipase in an organic solvent. Thus, the produced poly(carbonate-urethane) and poly(ester-urethane) are chemically recyclable by lipase in addition to being biodegradable. [7, 8] Poly(L-lactic acid) attracts attention as a versatile aliphatic compostable plastic that is available from agricultural renewable resources by the combination of fermentation and chemical polymerization. Poly(L-lactic acid) having hydroxyl end groups can be used to produce L-lactic acid based poly(ester-urethane). [9] The water resistance and stability of poly(carbonate-urethane) are generally higher than those of the poly(ester-urethane)s. It is expected that the hydrolyzability of polyurethane can be controlled by the introduction of carbonate and ester structures and that the obtained poly(carbonate/ester-urethane) is degraded by lipase into oligomers, that can be repolymerized by the lipase for chemical recycling.
In this report, in order to control the hydrolyzability and biodegradability, poly(carbonate/ester-urethane)s containing the lactide oligomer were prepared by the polymerization of hexamethylene diisocyanate with the oligo ( (Chiba, Japan). The enzymes were used without further purification. The CA was dried in vacuum over P 2 O 5 at 25 °C for 6 h. The other materials used were of the highest available purity.
Scheme 1
The weight-average molecular weight (M w ) and the number-average molecular weight (M n ) for the polymers were measured by size exclusion chromatography (SEC) using SEC columns (TSKgel G4000HXL + TSKgel G2500HXL + TSKgel G1000HXL, TOSOH, Ltd., Tokyo, Japan) at 40 °C with a refractive index detector. Tetrahydrofran was used as the eluent at 1.0 mL/min. The SEC system was calibrated with polystyrene standards having a narrow molecular weight distribution. The molecular weight was also measured by the matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) using a Bruker Autoflex mass spectrometer. The spectrometer was equipped with a nitrogen laser. The detection was in the reflectron mode and the positive ion mode. 2,5-Dihydroxybenzoic acid was used as the matrix. Sodium bromide was used as the cation source. The 1 H NMR spectra were recorded by JNM-A 400 FT-NMR spectrometer (JEOL, Ltd., Tokyo, Japan) operating at 400 MHz. The IR spectra were recorded by an 8200PC FT-IR (Shimadzu Corp., Kyoto, Japan).
The glass-transition temperature (T g ) of the polymer was measured by differential scanning calorimetry (DSC-3100, Mac Science Corp.). The heating rate was 10 °C/min within the temperature range of -50 to 180 °C. Each polymer sample weighed approximately 3-5 mg. The polymer samples were heated at the rate of 10 °C/min from -50 °C to 180 °C (first heating), rapidly cooled at the rate of -50 °C/min to -50 °C and then scanned at the same heating rate and over the same temperature range (second heating). The T g value was collected from the second heating. The tensile strength and elongation of the poly(carbonate/ester-urethane) film were measured by a Universal Testing Machine Tensilon RTC-1250 (Orientec Co., Ltd., Tokyo, Japan).
2.2
General Oligomerization Procedure of Oligocarbonate Diol and Oligolactide Diol Oligo(TeC) diol was prepared by the reaction of diethyl carbonate with 1,4-butanediol using lipase CA according to our previous report. [10] The typical preparation of the oligo(LA) diol was carried out as follows. A mixture of L-lactide (200 mg; 1.4 mmol) and 1,3-propanediol (16 μL; 0.22 mmol) was placed in a glass test tube. The test tube was purged with N 2 gas and stirred in bulk under atmospheric pressure at 130 °C for 72 h. The molecular weight of the obtained oligomers was measured by SEC. The end group analyses were carried out using 
Polymerization of Oligocarbonate Diols and Oligolactide Diols with Diisocyanates
The polymerization of hexamethylene diisocyanate with the oligo(TeC) diol and oligo(LA) diol was carried out in bulk forming PC/LU. As a typical example, the mixture of the oligo(TeC) diol (0.60 g) and oligo(LA) diol (0.37 g) was dried by stirring in a glass flask under vacuum for 3 h at 75 °C. To this was added the equivalent of 1,6-hexamethylene diisocyanate and the reaction mixture was evacuated for 1 min, then the flask was sealed and reacted for 72 h at 80 °C. Consumption of the isocyanate was confirmed by the FT-IR spectra. The molecular weight was determined by SEC, and the T g was measured by DSC. 1 
Preparation of PC/LU Film
The polymer was dissolved in chloroform to produce a viscous solution. The solution was then poured into a Teflon Petri dish. The solvent was gradually removed in a fume hood to form the PC/LU film (approximately 100 μm thick). For the measurement of the mechanical properties, the PC/LU film was cut into dumbbell-shaped specimens, according to type 5 of JIS K 7127 : 1999 (ISO 527-3 : 1995).
Hydrolysis of PC/LU
The PC/LU films were hydrolyzed in 0.1 M NaOH at 35 °C. The weights of the remains were measured periodically.
Enzymatic Degradation
Proteinase K and lipase CA were used for the enzymatic degradation of the PC/LUs. The degradation by proteinase K was conducted using 5 IU/mL of the enzyme for 2.5 mg/mL PC/LUs in pH 8 Tris-HCl buffered solution at 37 °C for 5 days. The degradation by lipase CA was carried out using 200 wt-% of the enzyme for 4 mg/mL PTeCU in anisole at 110 °C for 24 h, or 500 wt-% of the enzyme for 1 mg/mL PC/LUs and PLU in anisole at 100 °C for 2 days. The degradation products were weighed and analyzed by SEC or MALDI-TOF MS. 10] The oligo(LA) diol was synthesized by the ring-opening oligomerization of L-lactide and 1,3-propanediol. By changing the molar ratio of L-lactide and 1,3-propanediol, the oligo(LA) diols with the different molecular weights were obtained as shown in Table І . The oligo(TeC) diol (M n 1,500) and oligo(LA) diol (M n 820) were used for the preparation of the poly(tetramethylene carbonate-urethane) (PTeCU), poly(lactide-urethane) (PLU) and PC/LUs. 
Polymerization of Hexamethylene Diisocyanate with Oligo(TeC) Diol and Oligo(LA) Diol
Hexamethylene diisocyanate was used for the preparation of the polyurethane because hexamethylene diisocyanate is one of the commonly used diisocyanates, and the aliphatic polyurethane might be feasible for biodegradation compared to the aromatic polyurethane. The PC/LU was prepared by the polymerization of the equivalent amounts of diols and hexamethylene diisocyanate in bulk without a catalyst at 80 °C for 72 h. PTeCU with an M n of 36,000 was produced by the polymerization of the hexamethylene diisocyanate and oligo(TeC) diol in bulk. Also, PLU with an M n of 12,000 was obtained by the polymerization of the hexamethylene diisocyanate and oligo(LA) diol. PC/LUs with M n s of 14,000, 19,000 and 22,000 were synthesized by changing the feed molar ratio of the oligo(TeC) diol to oligo(LA) diol from 70 to 30 mol-% (PC/LU 7/3, PC/LU 5/5 and PC/LU 3/7, respectively). Typical polymerization results of the polyurethanes are shown in Table II.   Table II . PTeCU, PLU and PC/LUs by polymerization of hexamethylene diisocyanate with oligo(TeC) diol and oligo(LA) diol.
The thermal properties of the PTeCU, PLU and PC/LUs were measured by DSC and the results are shown in Table II . A lower T g was observed for the PC/LUs and PTeCU having higher contents of the oligo(TeC) diol as the soft segment.
The mechanical properties of the PTeCU, PLU and PC/LU films were measured and these results are shown in Table II . The tensile strength of the PC/LU 7/3 film (entry 2) slightly increased when compared with that of the PLU film (entry 5). On the other hand, the highest elongation value was for the PC/LU 5/5 film (entry 3).
Hydrolysis of PC/LU
The PC/LUs were hydrolyzed in 0.1 M NaOH. Fig.1 shows the weight loss of the polymer during the hydrolysis test. The PTeCU and PC/LUs were more resistant to hydrolysis despite the fact that the PLU was readily hydrolyzed in this period. This indicates that the polyurethanes containing the oligocarbonate tended to show a resistance to hydrolysis. 
Enzymatic degradation of PC/LU
The PC/LU was designed in order to control the main-chain cleavage by the hydrolysis enzyme. The enzymatic degradations of PTeCU, PLU and PC/LUs were carried out using proteinase K or lipase CA. Table Ш shows the weight loss and the change in the molecular weight of the PC/LU films after the degradation by proteinase K. Table Ш . Enzymatic degradation of 2.5 mg/mL PLU and PC/LUs in pH 8 Tris-HCl buffered solution at 37 °C using proteinase K.
The PTeCU was not degraded in this period (data not shown). The PLU was completely degraded and no residue remained. The PC/LU with a higher oligolactide content was more readily degraded by proteinase K in an aqueous solution. It was also confirmed by the SEC profile changes before and after the degradation of the PC/LUs. Proteinase K is known as a hydrolysis enzyme of poly (L-lactic acid). [11] Therefore, it is thought to degrade the PC/LUs at the oligolactide moiety. These results can be used to control the enzymatic degradability of the PC/LUs by the oligolactide content. The enzymatic degradation by lipase CA was conducted in anhydrous anisole in order to avoid the decarboxylation loss. The SEC profile changes before and after the degradation of PC/LU 7/3 are shown in Fig.2 . It was found that the parent polymer peak shifted to the oligomer region. The PC/LU with a high oligocarbonate content was readily degraded by the immobilized lipase in an organic solvent. The PLU was not degraded into the oligomers by lipase CA under the same conditions. ). Also, peaks identified as the lactide oligomers were found.
Scheme 2
It was reported that the enzymatic degradation of polycarbonates, polyesters, poly(carbonate-urethane) and poly(ester-urethane) by lipase in an organic solvent exclusively produced the corresponding cyclic oligomers. [7, 8, [12] [13] [14] [15] According to previous papers, these enzymatic degradations might be applicable to the chemical recycling of PC/LU.
CONCLUSION
Environmentally benign poly(carbonate/lactideurethane)s were prepared by the polymerization of hexamethylene diisocyanate with the oligo(TeC) diol and oligo(LA) diol at different feed ratios. The PC/LUs were hydrolyzed in alkaline solution and the PC/LU containing the oligocarbonate tended to show a resistance to hydrolysis. As for the enzymatic degradation, the PC/LU with a higher oligolactide content was more readily degraded by proteinase K in an aqueous solution. On the other hand, the PC/LU with a high oligocarbonate content was readily degraded by the immobilized lipase in anisole. The degradation products contained cyclic oligomers which can be used for the repolymerization. 
